The aim of the study was to evaluate the androgen (AR) and estrogen receptors' (ER) expression in epididymis of polychlorinated biphenyls (PCBs)-exposed rats. The rats were assigned to groups. Group I controls were treated with corn oil 80 mL/d intraperitoneally (ip), group II were treated with 2 mg/kg/d of A1254 ip; and group III were treated with 2 mg/kg/d of A1254 ip along with simultaneous oral supplementation of 4 mg/kg/d lycopene . The treatment was given daily for 30 days. After 24 hours of treatment, the rats were killed, and the epididymal regions (caput, corpus, and cauda) were dissected out, weighed, and prepared to estimate the levels of sialic acid, glyceryl phosphoryl choline (GPC), hydrogen peroxide (H 2 O 2 ), and lipid peroxidation (LPO). The messenger RNA (mRNA) expressions of AR, ERa, and ERb were analyzed by reverse transcriptase-polymerase chain reaction, and ERa and ERb protein expressions were analyzed by immunoblotting. The toxicity of PCBs was also confirmed by histology. There was a marked decrease in epididymal weight, sialic acid, and GPC levels, while oxidative stress markers H 2 O 2 and LPO were increased in PCBs-treated rats. The mRNA and protein expression of AR, ERa, and ERb were decreased in PCBs-treated groups, and the histology confirms the cytoplasmic damage in the regions of caput, corpus, and cauda in PCBs-treated rats. Simultaneous supplementation of lycopene to PCBs-exposed rats resulted in significant decrease in the oxidative stress markers as that of control, while the AR, ERa, and ERb gene expressions were near to control. The results suggest that lycopene has ameliorative effect against PCBs-induced toxicity in epididymis.
Introduction
Polychlorinated biphenyls (PCBS) are ubiquitous and persistent environmental pollutants. They are widely used in electrical industries and capacitors 1 and are mediated by aryl hydrocarbon receptors (AhRs). 2 Aroclor 1254 is commercial mixture of PCBs. One of the mechanisms by which PCB exerts its toxic effects is by increasing free radicals, thereby inducing testicular Sertoli and Leydig cellular oxidative stress. 3, 4 Lycopene, an aliphatic hydrocarbon that is richly found in tomato, is 1 of the 600 known naturally occurring carotenoids. 5 Lycopene is a lipid-soluble hydrocarbon that is synthesized by many plants and microorganisms but not by animals and human. 6 Lycopene has attracted special attention due to its ability to efficiently scavenge free radicals and its contribution in preventing lipid peroxidation. 5 It is a powerful antioxidant with a singlet-oxygen-quenching capacity, 47 and 100 times greater than that of b-carotene and vitamin E, respectively. 7, 8 Lycopene also exerts direct anticarcinogenic effects including upregulation of gap-junction communication 9 and modulation of growth factors such as insulin-like growth factor 1 (IGF-1) or cytokines such as interleukin 6 (IL-6). 10 High intake of tomato juice prevents low-density lipoprotein (LDL) oxidation and thiobarbituric reactive species (TBARS) formation in healthy men. 11 Epidemiological studies have indicated that elevated consumption of tomato significantly reduces mortality from several cancer sites, especially prostate cancer. 12, 13 The beneficial effects of tomato-rich diets are generally attributed to lycopene. 14, 15 The PCBs are considered potential endocrine disruptors, among many other effects, due to their ability to act as estrogen, antiestrogen, and goitrogen. 16 Andric et al 17 and Kim et al 18 have indicated that PCBs can have adverse effects on various aspects of male reproduction in rats. Previous studies from our laboratory also proved that PCBs have adverse effects on male reproductive system in rats. [19] [20] [21] These effects have heightened concern about the possible effects of PCBs on human reproduction and some evidence correlates PCBs' exposure with decreased sperm motility in humans. 14, 22 Aroclor 1254 decreased the epididymal sperm count, sialic acid, and glyceryl phosphoryl choline (GPC) levels in rats. However, estradiol (E2) levels increased significantly. Aroclor 1254 affected the structural integrity of epididymis. 23 The major functions carried out by the epididymis are the transport, maturation (acquisition of fertilizing potential), and storage of spermatozoa. The maturation occurs while the sperm passes through the epididymis between the distal caput and the proximal cauda epididymis. Cauda epididymis is the major site for storage of spermatozoa. 24, 25 An endogenous balance of estrogens and androgens is essential for the maintenance of normal epididymal growth and function. 26, 27 The secretion of sialic acid 28 and GPC 29 by the epididymis is an androgendependent event. Differential growth and function of epididymis is regulated by estrogen. 30 In relation with the above literature, the role of PCB (Aroclor 1254) on androgen (AR) and estrogen (ER) receptor levels in 3 different regions of epididymis of experimental animals and the correlation between reactive oxygen species (ROS) and ARs and ERs have not been extensively studied. Lycopene is a potent singlet oxygen scavenger and has the effect of preventing injuries due to free radicals. Therefore, attention has been focused on the effect of lycopene on PCB-induced changes in the association of ROS and ARs and ERs in rat epididymis.
Materials and Methods

Chemicals
Aroclor 1254 was purchased from Chem Service (West Chester, Pennsylvania). Lycopene was obtained as a gift from Phytoremedies Biolabs Pvt Ltd (Pune, India). The 1-step reversetranscriptase polymerase chain reaction (RT-PCR) Kit was obtained from Invitrogen (Eugene, Oregon). Primers for AR, ER-a, ERs, and b-actin were purchased from Sigma Aldrich Pvt Ltd, India, and rabbit polyclonal antiestrogen receptor-a and goat polyclonal antiestrogen receptor-b antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, California). Horseradish peroxidase (HRP)-conjugated goat anti-rabbit Immunoglobulin G and rabbit anti-goat antibodies were purchased from GENEI, Bangalore, India. Bovine serum albumin (BSA), acrylamide, bisacrylamide, ammonium persulfate, and N, N, N', N tetramethyl ethylene diamine (TEMED) solution were purchased from Sigma-Aldrich Pvt Ltd (St Louis, Missouri). All other chemicals were purchased from SRL, India.
Experimental Design
Adult male albino rats of Wistar strain Rattus norvegicus weighing about 180 to 200 g were used in the present study. All animal procedures were approved by our institute's animal ethical committee (Ref No. IAEC No: 01/01/11-Second Batch). The animals were housed in clean polypropylene cages, maintained in air-conditioned animal house with constant photoperiod of 12-hour light/dark cycle. The animals were fed with pellet diet (Gold Mohur Ltd, Mumbai, India) and drinking water ad libitum. Rats were assigned into 3 groups, with 6 animals in each group, and the treatment was given regularly for 30 days. Body weight of the animals was monitored throughout the experimental period. Group I rats or the control rats were injected with corn oil intraperitoneally (ip) once daily as a vehicle. Group II rats received ip injection of A1254 at a dose of 2 mg/kg once daily for 30 days. The treatment period was selected per the published studies. 31 Group III rats received simultaneous treatment of Aroclor 1254 (ip) and lycopene at a dose of 4 mg/kg through gavage treatment. The dosage of lycopene was selected per the previous study. 32 
Tissue Collection
After 24 hours of the last treatment, the animals were killed by cervical decapitation. Epididymal regions were excised immediately. Regions were separated according to the method of Hamilton. 26 
Body and Organ Weight
The body weight of individual rats were monitored throughout the experimental period and recorded. After the treatment period of 30 days, the rats were killed. Epididymis was dissected, washed with ice-cold saline, blot dried, and weighed to obtain relative epididymal weight.
Preparation of the Homogenate
The separated epididymal regions, caput, corpus, and cauda, were homogenized with Tris HCl buffer (0.1 mol/L, pH 7.4), centrifuged at 12 000 rpm for 10 minutes, and the supernatant was used for biochemical analyses described subsequently. Protein concentration of the tissue homogenate was determined by the standard method of Bradford using BSA as a standard.
Estimation of H 2 O 2 and LPO
The H 2 O 2 generation was assessed by the spectrophotometric method of Pick and Keisari. 33 The H 2 O 2 content of the samples was expressed as m moles of H 2 O 2 generated/mg protein. The LPO) was measured by the method of Devasagayam and Tarachand. 34 The malondialdehyde (MDA) content of the samples was expressed as nanomoles of MDA formed/mg protein.
Estimation of GPC and Sialic Acid
The GPC was estimated by method of White. 35 The GPC content of the samples was expressed as mg/100 mg tissue. Sialic acid was estimated per the method of Warren. 36 The neuraminic acid content of the samples was expressed as mmol/g tissue.
Reverse Transcriptase-PCR
Total RNA was purified from epididymal tissue using 1 mL of the TRI reagent by the method of Chomczynski and Sacchi. 37 The RNA purity and concentration were determined spectrophotometrically at A260/A280 nm. The purity of RNA obtained was 1.8 to 1.91 mg of total RNA reverse transcribed by the RT-PCR kit (Invitrogen) according to the manufacturer's instructions and further amplified by PCR. The details of the primers used, number of cycles, and size of the PCRamplified products are listed in Table 1 . The PCR products were resolved by electrophoresis through a 2% agarose gel and stained with ethidium bromide. The densities of PCR products in the agarose gel were scanned with a Gel Doc image scanner, Bio-Rad (Hercules, California), and quantified by Quantity One Software, Bio-Rad (Hercules, California).
Immunoblotting
Tissue lysate was prepared with radioimmuno assay buffer (RIPA) and protease inhibitor. Equal amounts of protein (60 mg) were electrophoresed on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Following electrophoresis, separated proteins on SDS-PAGE gels were transferred on polyvinylidene fluoride membrane (Millipore, Bangalore, India). To block the nonspecific binding, the membranes were incubated with 5% skimmed milk for 2 hours. Membranes were probed with primary rabbit polyclonal anti-ER-a (1:2000) and goat polyclonal anti-ER-b (1:500) antibodies for overnight. Then, the blots were incubated with HRP-conjugated secondary antibodies (1:10 000). The bands were developed using ECL kit (Millipore, Bangalore, India) in Chemi Doc image scanner from Bio-Rad (Hercules, California). The band intensity was quantified by Quantity One software (Bio-Rad). The membranes were stripped and reprobed for b-actin (1:5000) as an internal control.
Histology
The same groups were maintained for histological study. Animals were killed by perfusion. Formaldehyde 10% was used for fixation. The caput, corpus, and cauda were separated from the epididymis and were cleaned and sliced into tissues of 0.5 cubic cm. After further fixation by immersion in 4% 
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Abbreviations: bp, base pair; cDNA, complementary DNA; PCR, polymerase chain reaction. formaldehyde in phosphate-buffered saline (PBS, pH 7.4) overnight at room temperature (8-12 hours), washing in PBS, and immersion in 70% ethanol, the tissue was maintained at 37 C until the embedding in paraffin was made. The paraffin blocks were cut into <10-m thickness using rotary microtome. The sections were stained with hematoxylin and eosin. 38 The caput, corpus, and cauda morphology were analyzed by Nikon Microscope Eclipse 80i (Â100 magnification; M/S Towa Optics, Chennai, India).
Statistical Analysis
Data were analyzed using 1-way analysis of variance. Zar 39 followed the post hoc Student Newman-Keul (SNK) test with computer-based software (SPSS version 17). The significance was considered at the level of P < .05. All values were expressed as mean + standard error of the mean of 6 animals.
Results
Effect of Lycopene on Body Weight and Relative
Epididymal Weight of A1254-Exposed Adult Rats Figure 1 (A) represents the effect of lycopene on body weight of Aroclor 1254-exposed adult rats. The body weight was significantly decreased in Aroclor 1254-exposed rats. Simultaneous supplementation of lycopene increased the body weight but not up to the level of control. Figure 1 A GPC Figure 3 . Effect of lycopene on glyceryl phosphoryl choline (GPC) and sialic acid of A1254-exposed adult rats. 
Effect of Lycopene on H 2 O 2 and LPO in Epididymal
Regions of A1254-Exposed Adult Rats Figure 2 (A and B) represents the effect of Aroclor 1254 and simultaneous supplementation of lycopene on the levels of H 2 O 2 and LPO in rat epididymis. The levels of H 2 O 2 and LPO were significantly increased in rat caput, corpus, and caudal epididymis of Aroclor 1254-exposed rats. However, supplementation of lycopene restored them near to the control levels.
Effect of Lycopene on Sialic Acid and GPC in Epididymal
Region of A1254-Exposed Adult Rats Figure 3 (A and B) depicts the effect of lycopene on sialic acid and GPC concentration in epididymis of Aroclor 1254exposed adult rats. The sialic acid and GPC concentrations were significantly decreased in caput, corpus, and cauda regions of epididymis of Aroclor 1254-treated rats. However, simultaneous treatment with lycopene maintained the sialic acid and GPC concentration. Figure 7 shows the effect of lycopene on ER-a expression in caput, corpus, and cauda epididymis of Aroclor 1254-exposed adult rats. The expression of ER-a was significantly increased in all the epididymal regions of Aroclor 1254-treated rats. Increased ER-a expression was observed in caput, corpus, and caudal epididymal regions of Aroclor 1254 þ lycopene-treated rats but not in rats treated with PCB alone. Figure 8 shows the effect of lycopene on ER-b expression in caput, corpus, and cauda epididymis of Aroclor 1254-exposed Histology Figures 9, 10, and 11 show the light micrograph of cross sections of tubules of caput, corpus, and caudal epididymis of control, Aroclor 1254-, Aroclor 1254 þ lycopene-treated rats (hematoxylin and eosin, Â20 and Â40). Figure 9 (A) shows caput epididymal tall columnar epithelial cells with nuclei situated at the base. The pseudostratified epithelium was prominent. More secretory vesicles were seen on both Â20 and Â40 (control). Figure 9 (B) shows reduction in tubular diameter and degenerated epithelial cells were observed as well (Aroclor 1254 treated). Figure 9 (C) shows very thin lining of caput epididymal epithelium of Aroclor 1254 þ lycopene-treated rats. Interstitial space in between the tubules was filled with stromal cells. Lumen contained spermatozoa. Figure 10 shows corpus epididymis of control and experimental rats. Cell heights were reduced compared to the other 2 regions ( Figure 10A ). Aroclor 1254-treated section ( Figure 10B ) showed reduced number of lipid molecules and less number of sperm in the lumen. Figure 10C showed uniform band of basal cells. Sperm numbers in the lumen were increased in Aroclor 1254 þ Lycopene-treated regions. Figure 11 shows caudal epididymis of control and experimental rats. Figure 11A shows normal highly pseudo-stratified epithelial cells. Lumen was wider than the other 2 regions. Figure 11 
Effect of Lycopene on AR, ER-a, and b mRNA Expression in Epididymal Regions of A1254-Exposed Adult Rats
Effect of Lycopene on ER-a and ER-b Protein Expression in Epididymis of A1254-Exposed Adult Rats
Discussion
Some of the reproductive deficits from endocrine-disrupting xenobiotics may be attributable to the modulation of estrogen signaling pathway in positive and negative manner, depending on dose, species, and tissue specificity. 40 An endogenous Control A1254 A1254+Lyco Figure 6 . Effect of lycopene on estrogen receptor b (ERb) mRNA expression in epididymis of A1254-exposed adult rats. Each bar represents mean + SEM of 3 independent observations. Significance at P < . balance of estrogens and androgens is essential for the maintenance of normal epididymal growth and function. 26 The PCBs, as xenoestrogens, might affect the production of steroidogenic enzymes and alter the rate of synthesis and metabolism of endogenous estrogens. 41 Several animal studies have reported that PCB treatment affects the steroid receptor levels as well as steroid metabolism 1, 42 and circulating androgen concentration. 38 The PCBs, especially the higher chlorinated forms, may selectively induce cytochrome P450s 43 as a possible source of ROS 44 or, alternatively, the oxidation of a broad range of endogenous and exogenous substances (including PCBs). There are possible evidence suggesting that oxidative stress induced by PCBs is due to the interaction of these compounds with arylhydrocarbon receptors (AhRs) and activation of the cytochrome P450 IA subfamily. The cytochrome P450 catalyzed oxidation of lower chlorinated biphenyls that give rise to mono-and di-hydroxy metabolites. Later, this can autooxidize or be enzymatically oxidized to semiquinones and/or quinines. 45 Some PCB quinones undergo redox cycling, with the formation of ROS, thus becoming another source of oxidative stress. 45 ROS-like HOÁ, O 2 À , and H 2 O 2 are thought to contribute to LPO, 46 DNA damage, 47 and protein degradation. 48 Lycopene is a well-known highly efficient scavenger of singlet oxygen (O 2 À ) and other excited species. Lycopene has been successfully used to provide protection against oxidative stress in different tissues. 15 In the present study, A1254 exposure significantly decreased the body weight and relative organ weight of epididymis. This might be due to increased level of ROS, which may induce cell damage. Simultaneous administration of lycopene maintains the body weight and relative organ weight to the control level. It may reduce the cell damage by scavenging ROS, thereby protecting the cells against PCBinduced toxicity.
In the present investigation, ROS (H 2 O 2 ) and LPO levels were significantly increased in caput, corpus, and cauda of A1254-exposed animals. These ROS and LPO increase may be mediated through AhR and activation of the cytochrome P450 subfamily. Twaroski et al 49 indicated that toxic manifestation induced by PCB may be associated with enhanced production of ROS and thereby induced oxidative stress through the initiation of self-propagating LPO reaction. However, simultaneous supplementation of lycopene with PCB treatment significantly reduces the generation of H 2 O 2 and LPO in epididymis when compared to PCBonly treated group. The main reason for reducing the generation of H 2 O 2 is due to O 2 À scavenging activity of lycopene, thereby preventing the generation of H 2 O 2 in PCB-treated animals.
The secretion of sialic acid 28 and GPC 29 by the epididymis is an androgen-dependent event. During epididymal transit, sialic acid residues bind to the sperm surface as terminal sugar of sialoglycoproteins. Yanagimachi et al 50 studied that sialic acid moieties on the sperm membrane increased negative surface on sperm during the epididymal transit. Gupta et al 51 studied that antiandrogenic treatment decreased the levels of sialic acid in the epididymis and spermatozoa with a loss in the integrity of acrosome of the spermatozoa and their fertilizing ability.
The GPC is a major component of epididymal secretion. It maintains high osmolality of epididymal fluid and sperm membrane stability through inhibition of phospholipase activity. 52 Testosterone and thyroid hormone are known to be stimulating factors for the synthesis and secretion of GPC. 29 The PCBinduced hypothyroidism might have led to reduced accumulation and degradation of phosphatidyl choline, which in turn might have resulted in reduced levels of GPC. Aroclor 1254 decreased the testosterone synthesis by decreasing steroidogenic enzymes expression and activity in rat Leydig cells. 21, 53 Interestingly, in the present study, sialic acid and GPC concentrations were significantly decreased in the epididymis of PCB-exposed rats. This observed result correlates the reduction of androgen level in PCB-treated rats 21, 53 and importance of androgen on sialic acid and GPC concentration. However, simultaneous supplementation of lycopene ameliorated these parameters compared to that of the control. This might be due to the increased level of testosterone in simultaneous supplementation of lycopene in A1254-treated rats. 32 Androgens are absolutely essential for the maintenance of spermatogenesis and sperm maturation. Previous studies reported that serum follicle-stimulating hormone (FSH), luteinizing hormone (LH), testosterone (T), and E2 levels were significantly decreased in A1254-treated rats. The PCBs decreased the level of gonadotropin-releasing hormone that was reflected in LH and FSH synthesis. 42 The present study correlated the reduction in T and its receptor expression. Lycopene supplementation brought back the receptors' expression to normal, and this might be due to restored level of testosterone.
In the present study, AR mRNA expression was decreased in all the epididymal regions after PCB exposure. The AR protein expression study is warranted. Xenobiotic response elements are shown to be present in the upstream promoter sequences of many estrogen responsive genes. Ohtake et al 54 studied that a direct genomic interaction between xenoestrogens and natural ER is established in vivo, resulting in various estrogenic responses. Both ER-a and ER-b were highly expressed in the epithelial cells of epididymis and have been reported to have a relatively high affinity for endocrine disruptor chemical, and its activation results in the transcriptional responses. 55 Hess 30 demonstrated that ER-a is dominant on epididymal regions. The PCBs compete with estrogen for binding to the ER, 56 and developmental PCB exposure has recently reported to increase estrogen sensitivity 57 and to modulate sexual differentiation in rodent brain. The PCBs and their metabolites can exert estrogenic effects by binding to the ER. 34 The E2 upregulates ER level. 58 Previous studies have shown that the dietary carotenoids including lycopene inhibits the estrogen signaling of 17-b E2. 55 Lycopene and other carotenoids inhibited estrogeninduced transactivation of estrogen response element (ERE) that was mediated by both ER-a and ER-b. 59 In the present study, ER-a was significantly increased in epididymis of PCB-treated animals. This might be due to the estrogenic activity of PCB by binding to ER present in epididymis, and thereby it may upregulate the expression of ERs. However, simultaneous supplementation of lycopene maintains both ER-a and ER-b. The histoarchitecture of caput, corpus, and caudal epididymis showed disorganized epithelium after PCB exposure. Simultaneous lycopene-treated rats showed decreased cytoplasmic damage and organized lumen on all the epididymal regions.
In summary, the present study in epididymis demonstrates that lycopene possesses prooxidant activity on PCB-exposed animals and the expression of ER, and the functional markers are alleviated by the supplementation of lycopene. The data generated in the present study demonstrated that caput region in rats contains more GPC, caudal region has more sialic acid suggesting that spermatozoa are rapidly processed in caput region, and caudal have more storage. Inside the cell, testosterone can be converted into dehydrotestosterone (DHT) by 5 a-reductase 2. The DHT may also facilitate transformation of the receptor for more efficient transactivation. The study on AR protein expression as well as DHT is warranted. Further study is needed to demonstrate a region-specific gene expression pattern. To conclude, lycopene, a potent antioxidant, preserved the epididymis from PCB-induced damage.
